Swan-Ganz catheterization can facilitate intra-operative management of critically ill patients. The derived data lacks specificity, however, and, as such, is frequently misleading. This disadvantage, combined with recent advances in echocardiography imaging techniques, has resulted in increasing application of transesophageal (TE) two-dimensional echocardiography (2D-echo) to supplement and, in instances, to supplant conventional cardiac monitoring. This paper reviews the current status of single-plane TE 2D-echo as it pertains to evaluation of left ventricular (LV) volume status, performance, and ischemia.
INTRODUCTION
The past several years have been noteworthy for a trend from invasive to noninvasive monitoring. In respiratory monitoring, this trend is evidenced by the widespread application of end-tidal gas monitoring and pulse oximetry. Swan-Ganz (SG) catheterization has become a mainstay of cardiac management over the past two decades. In addition to the wide array of potential complications associated with the use of this monitor, other notable disadvantages exist. SG catheter-derived intravascular pressure measurements are not only affected by intravascular volume status but are also influenced by changes in cardiac chamber compliance and are commonly used, as such, to detect cardiac ischemia. In addition, the pressures are also affected by intrapleural and pericardial pressures. Indeed, it is well recognized that there is a poor correlation between pulmonary capillary wedge pressure (PCWP) and indices of left ventricular (LV) end-diastolic volume (EDV) [1] [2] [3] [4] [5] (Fig.  1) . Furthermore, Van Daele et al. [6] , among others, have shown that changes in PCWP are insensitive, nonspecific, and poorly predictive indicators of ischemia ( sion from [3] .)
The advent of transesophageal two-dimensional echocardiography (TEE) has created a noninvasive means of evaluating cardiac anatomy, performance, and intravascular volume status which is becoming recognized increasingly as a valuable adjunct to clinical care. In our institution, such continuous monitoring has been utilized to complement SG catheterization and electrocardiographic data in over 800 cases with minimal morbidity and no mortality. This review will focus on evaluation of transesophageal two-dimensional echocardiography measurements of global ventricular function (ejection fraction) and intravascular volume status as compared with "gold standard" measurements, and the sensitivity/specificity of regional wallmotion abnormalities as indicators of ischemia, with the monitoring system being placed in the perspective of clinical management. An assessment of TEE in the management of right heart dysfunction, valvular abnormalities, and intra-cavity and extra-cardiac lesions is outside the scope of this paper.
The development of improved two-dimensional echocardiography (2D-echo) imaging techniques has led to the recent increase of its use in cardiology. Indeed, an overview of echocardiography formed the subject of an update on medical progress in a recent issue of the New England Joumal ofMedicine [7] . Transthoracic 2D-echo, long the only available noninvasive means of imaging the heart, has major disadvantages. Transthoracic ultrasound may not adequately depict cardiac structures in patients with obesity, emphysema, post-operative chest incisions, and dressings and prosthetics valves [8] . In patients [8] . TEE offers a new "window" on the heart without having these disadvantages and with the additional major advantage of vastly improved image quality. The site of data acquisition ("head of the table") makes TEE particuialdy applicable to anesthesiology. The derived information is independent of the variables which can confound valid interpretation of SG catheter data (vide supra). A critical evaluation of the accuracy of this derived information is essential in determining routine clinical applicability of TEE as a monitor.
2D-ECHO ASSESSMENT OF LEFT VENTRICULAR VOLUME STATUS The LV is a three-dimensional structure with a spherical shape (Fig. 3) . These characteristics impose limitations. A single two-dimensional measurement cannot be expected to represent such a structure with absolute precision. Two such measurements at right angles to one another would represent the three dimensions. Similarly, one measurement of LV length (long-axis image) and several measurements of LV diameter (short-axis images) at varying levels integrated into the mathematical formula for a sphere could represent the LV spherical shape (Simpson's rule). The time needed to acquire the data, measure the respective dimensions, and compute the derived volume is not, however, available in an evolving clinical situation. A simpler, albeit less precise, echocardiographic LV volume estimation is based on designating the LV as having an ellipsoidal shape [9] . Such a volume calculation (single-plane ellipsoid) requires merely a single LV long-axis image (Fig. 4) , from which the length and diameter are measured [9] . The apex is, however, commonly ill-defined in long-axis TEE images. Furthermore, it may be difficult to produced with permission from [10] .) the TEE papillary muscle level short-axis view has the advantage of being the most useful single plane to detect LV regional wall-motion abnormalities [10] .
Several authors have evaluated the relationship between single TEE LV short-axis image measurements and "gold standard" LV end-diastolic volume (EDV) estimates. Clements et al. studied 12 patients during abdominal aortic aneurysm surgery [101. The TEE transducer was maintained at the short-axis cross-section at the mid-papillary muscle level. At multiple times during surgery, echocardiograms and first-pass radionuclide angiograms (RNA) were recorded simultaneously (Fig. 6) . The correlation between 2D-echo LV end-diastolic planed area and RNA EDV was close (r = 0.85). Interestingly, the relationship between the extent of systolic LV cavity obliteration (end-systolic area) and RNA end-systolic volume (ESV) was even closer (r = 0.94) (Fig. 7) . Urbanowicz et al. [11] studied ten patients following cardiopulmonary bypass, using a blood pool scintigraphy/thermodilution cardiac output "gold standard." Comparison of LV short-axis end-diastolic area and LV EDV yielded a correlation coefficient of 0.74 (Fig. 8) . When serial changes within individual patients were analyzed, discordant changes were observed in three of eight patients, occurring with a frequency of 17 percent. These authors concluded that TEE-derived LV short-axis end-diastolic area "correlated reasonably well" with [11] .)
LV EDV and that TEE should only be used to determine "rather large" differences in volume.
2D-ECHO ASSESSMENT OF LEFT VENTRICULAR EJECTION FRACTION
The accuracy of echocardiographic estimations of overall LV contractibility (ejection fraction), as with LV EDV (vide supra), can be increased by increasing the number of planes imaged. The Simpson's rule method yields the most accurate measurements (Fig. 9 ) [9] . Ellipsoid biplane formulae are comparable in accuracy [9] . Again, at issue is whether a single reproducible TEE view, such as a short-axis image, represents LV function accurately. Clements et al. [10] and Urbanowicz et al. [11] angiographically determined LVEF in patients with LV asynergy, the standard error of the estimate is generally greater than that of patients with normally moving hearts [9] . Such an evaluation of the accuracy of TEE estimates of LVEF under conditions of LV asynergy as compared with synergy is not available. Certainly apical dysfunction and inferior wall abnormalities which do not extend postero-superiorly are not visible at mid-papillary muscle level, and, indeed, may not be imaged at all with TEE. In addition, isolated areas of dysfunction confined to the mitral valve level, as can occur with certain circumflex artery lesions, clearly visible in certain imaging planes, will not present in the standard mid-chamber view.
LEFT VENTRICULAR REGIONAL WALL-MOTION ABNORMALITIES (RWMA) AS INDICATORS OF ISCHEMIA The advent of coronary angioplasty has afforded clinical investigators the opportunity to study the time sequence of manifestations of acute ischemia. The earliest association with coronary flow deprivation is the onset of 2D-echo imaged regional wall-motion abnormalities (RWMA). Electrocardiographic (ECG) changes follow after a variable latency period. Angina is a relatively late presentation and, indeed, does not occur at all in approximately one-third of cases (Fig. 12) [12, 13] . If a comparison between 2D-echo and ECG monitoring merely demonstrated differing latencies in the order of seconds, the issue might be considered trivial. In a separate publication, which also pertained to findings established during angioplasty, however, Wohlgelernter et al. [14] also showed a relative ischemia detection sensitivity of transthoracic 2D-echo, 3-lead, and 12-lead ECG monitoring (Fig. 13) aVF, and V5) and TEE RWMA as indicators of left ventricular ischemia in vascular and coronary artery bypass graft patients. These investigators demonstrated an incidence of 24 new RWMA in 50 patients, while the corresponding incidence of new ST-segment changes was six (Fig. 14) [15] . Leung et al. [16] studied the relative sensitivities of Holter monitoring (modified V5 leads) and TEE as indicators of ischemia in coronary artery bypass graft patients. These authors noted that 82 percent of the RWMA in their patients were unassociated with corresponding Holter monitoring abnormalities, suggesting a relative superior sensitivity of TEE in the detection of ischemia. Furthermore, RWMA were predictive of outcome in this series. Six of 18 patients with post-coronary artery bypass graft TEE RWMA had adverse outcomes (two deaths, three myocardial infarcts, and one congestive failure). In contrast, none of 32 patients without TEE RWMA suffered an adverse outcome (Fig. 15) . Harris et al. [17] also questioned the propriety of an ECG ST-segment change "gold standard" for ischemia. These authors monitored STsegment changes (leads V5 and II) during coronary artery bypass graft surgery. ST-segment changes occurred in five of 34 patients. In contrast, new RWMA occurred in ten patients (Fig. 14) . Three of four post-operative myocardial infarctions correlated with antecedent RWMA, whereas only one was associated with intra-operative ECG changes. Finally, London et al. [18] also noted a discordance between ECG changes and RWMA. In this series of non-cardiac surgery patients, eight patients had both intra-operative ECG changes and new or worsened RWMA; however, only five of the patients had a temporal overlap of these changes. Interestingly, three patients in the series of Harris et al. [17] new RWMA, respectively. Such false negatives may have occurred on the basis of intra-or inter-observer variability in assessment of the 2D-echocardiograms, a degree of assessment variability being intrinsic to the technique. Alternatively, ischemia may well have occurred in non-visualized areas, such as the right ventricle [19] or left ventricular base or apex (vide supra). PITFALLS It must be emphasized that a technically inadequate image may lead to an erroneous diagnosis of abnormal wall motion. Inadequate endocardial definition or an oblique cross-section of the LV preclude valid interpretation. Biological variables must also be considered. While dyskinesia and akinesia are rare findings in normal subjects and may be considered reliable indicators ofpathology,' regional hypokinesia is non-specific for ischemia [20] . Pandian et al. [20] have shown that there is a wide range of normal contraction patterns. Contraction in a given segment of myocardium is usually identified as hypokinetic on the basis of comparison with an adjacent segment. These authors demonstrated a significant segment-to-segment variability of contraction in healthy adults. They speculated that these segmental differences in wall motion might be due to normal regional differences in myocardial perfusion, variable LV architecture, or temporal asynergy of contraction even without discrete bundle branch block. This caveat is also applicable to septal motion in cases with cardiac systolic rotation and translational motion, these being particularly marked following sternotomy and pericardiectomy [21, 22] . Finally, discoordinated contraction of the septum also occurs in bundle branch block and in association with ventricular pacing. CONCLUSION In conclusion, TEE has the potential to complement existing monitoring systems in the management of critically ill patients. It is particularly useful in the manage-'This characterization of dyskinesia/akinesia as abnormal is not necessarily applicable to septal wall motion in the open or previously opened chest (vide infra). Systolic rotation or translation of the thus unencumbered heart may cause posterior displacement of the septum with each contraction. This passive displacement may mask adequate wall motion and not only masquerade as akinesia, but even give the appearance of dyskinesia. In these cases, it is imperative to assess septal thickening [20] or to use a center-of-mass reference [21] . by ass FIG. 15. The relationship between perioperative regional wall-motion abnormalities (wallmotion score) and outcome in coronary artery bypass graft patients. Increased score indicates increased regional wall-motion abnormalities. (Reproduced with permission from [16] .) ment of global regional LV dysfunction. The applicability of TEE data derived from a single 2D-image to management of intravascular volume should be limited to assessment of extremes of volume status. Finally, technically inadequate images and observer inexperience may lead to erroneous diagnoses.
